Minireviews provides an opportunity to summarize existing knowledge of selected ecological areas, with special emphasis on current topics where rapid and significant advances are occurring. Reviews should be concise and not too wide-ranging. All key references should be cited. A summary is required.
Phenotypic plasticity -principles Reaction norms
In the study of phenotypic plasticity, the most important theoretical tool, or descriptive model, is arguably the concept of reaction norms (Woltereck 1909 , Schmalhausen 1949 . It is a way of describing and visualising plasticity, and can be defined as "the set of phenotypes expressed by a single genotype across a range of environmental conditions" (Steams et al. 1991) . A reaction norm is consequently a property of a genotype (a clone or any category of genetically related individuals), summarising the direction and amount of plasticity that it is able to express. Differences between genotypes in this ability will result in different reaction norms, and to the extent that the reaction norms are heritable they will form the basis for evolution of phenotypic plasticity. Reaction norms are usually represented as a line or a curve on a graph that plots phenotypes against an environmental factor.
The exact genetic nature of reaction norms, and how they evolve, is rather controversial and has recently caused discussion (Scheiner 1993b, Schlichting and Pigliucci 1993, Via 1993a,b). Via and Lande have presented a model (based on quantitative genetics) of the evolution of irreversible phenotypic plasticity as a consequence of selection for different trait means in different environments (Via and Lande 1985 , Via 1987 . According to their model, adaptive reaction norms are merely by-products of selection on trait means within environments, rather than a result of selection for plasticity itself. There is therefore no need to invoke separate genes that control the shape of reaction norms (Via 1993a ). This view has been challenged by others, who argue that there is evidence for the existence of plasticity genes, defined as environmentally dependent regulatory loci that control structural gene expression (Scheiner 1993b , Schlichting and Pigliucci 1993) . Via (1993b) in a reply, agrees that "environment-specific control of gene expression by regulatory loci can play an important role in phenotypic plasticity".
We agree with Scheiner (1993b) and Schlichting and Pigliucci (1993) that genes for plasticity evidently exist, and plasticity itself can respond to selection (c.f. Scheiner and Lyman 1989, Hillesheim and Steams 1991) .The point made by Via (1993a) is important, however. A reaction norm should not uncritically be thought of as selected for per se, and especially not all parts of a reaction norm together, as a whole. Moreover, the evolution of reaction norms is likely to depend on the relative frequency of different environments and their relative influence on overall fitness (Houston and McNamara 1992, Kawecki and Stearns 1993) . It may be the case that the capacity for plasticity (e.g. a system for photoperiodic control, or a machinery linking chemical cues from predators to an induced defence) is often selected for per se, whereas modifications of reaction norms that subse- The four possible combinations of the labels "adaptive" and "adaptation" that can be applied to a particular plasticity (reaction norm), and how they correspond to origin and maintenance of the plasticity by selection. The situations are illustrated by hypothetical phylogenetic evidence, where the studied species and its environment is indicated by a box. Plastic phenotypes (P), and changing environments (E) where this specific plasticity is adaptive with respect to a specific function, are both represented by sloping reaction norms, a) Plasticity which improves on a function in the present environment. The plasticity originated (at the point in the phylogeny indicated by a horizontal line) and is being maintained by selection for this function. b) Plasticity which improves on a function, but not in the present environment. The plasticity originated, but is not being maintained by selection for this function. It is present because of constraints on evolution or selection for a new function (not shown, E represents only the aspects of the environment which has relevance for the studied function). c) Plasticity which improves on a function in the present environment. It did not originate by selection for this function (it appeared before it was "adaptive" for this function), but is being maintained by it today. d) Plasticity which does not improve on a function. Such plasticity may follow from constraints (e.g. small size when food is scarce) or from selection for another function. Note that differences between genotypes in such "non-adaptive" plasticity may still be adaptive, and such modifications of the ancestral reaction norm can be adaptations (cf. Fig. 2 ).
quently evolve are often (but not always) the result of selection on trait means in different environments rather than on the whole reaction norm (e.g. on genes controlling the slope of a linear reaction norm). In the following discussion, we use the term "adaptation" to refer to the modification of the reaction norm, not to the entire new reaction norm.
Adaptive plasticity and plasticity as an adaptation
Adaptive and adaptation To distinguish between adaptive and non-adaptive environmental effects is often not trivial. One genotype may mature at a small size when there is little food. This plasticity may be beneficial if it confers high fitness compared to genotypes that respond to low food levels by instead maturing later, or by dying. But is it an adaptation to varying food levels, or does it follow simply from constraints? Such cases will be discussed more thoroughly below, but we see these specific problems as special cases of the more general question of defining "adaptation", and how the term "adaptive" is related to "adaptation". There are at present two common uses of the term adaptive. Some authors use it as the adjective corresponding to "adaptation", and equally restricted in its meaning. A trait can be beneficial, and as such possibly adaptive (i.e. a possible adaptation). It is adaptive for a function only if it can be shown that it is likely that it has arisen due to natural selection for this function. For other authors, "adaptive" for a function simply means beneficial for a function, as opposed to non-adaptive or even maladaptive traits. A beneficial trait is always adaptive, and possibly also an adaptation. Usually, it is not clear in exactly what meaning "adaptive" is being used.
The two meanings of the word easily become confused, because if a trait is obviously beneficial for a function, to the point that it seems designed for this function, it is also likely that it is an adaptation for this function. We propose, therefore, that it is best to explicitly distinguish adaptive (beneficial for a function) from adaptation (seemingly designed for a function, origin probably linked to this function). We find the distinction useful in separating the factors responsible for the maintenance of a trait from those responsible for its origin (Sultan 1987 , Pagel 1994 ; cf. Fig. 1) . A trait can then be adaptive with respect to a function without having originated due to natural selection for performing that function. Readers who do not want to compromise the meaning of "adaptive" can simply substitute it for "beneficial" in the following discussion and in Fig. 1 . Adaptation: definition and methods What, then, is an adaptation? This is a central question in evolutionary biology, and it has generated much discussion (c.f. Williams 1966 , Curio 1973 , Lewontin 1978 , Wanntorp 1983 , Stearns 1986 , Coddington 1988 , Pagel 1994 . Most authors seem to agree on the basic notion that adaptations are products of natural selection that perform specific functions (Stearns 1986). Despite of this, different authors propose somewhat different, although not mutually exclusive, methods for testing adaptational hypotheses. In particular, the usefulness of comparative methods as opposed to theoretical modelling and subsequent experimental manipulation, for testing ideas about adaptations is somewhat controversial. Williams (1992) argue that adaptations are features of organisms that conform to a priori design specifications. Examples that comes to mind are complex morphological traits seemingly designed to perform certain functions, but also behavioural or life history patterns that has quantitatively confirmed a priori optimality models. However, it should be stressed that there are severe problems (as Williams 1992, admits) in deciding when a trait conforms to design specifications. An extension of this view is the more pragmatic tradition to see beneficial for a function Harvey and Pagel 1991, Pagel 1994 ). This definition is mainly concerned with adaptations at or above the species level, and stresses that only when a trait changes in response to a certain selective agent, to fulfil a certain function, can we call it an adaptation for that function. Consequently, in order to detect such a change it is necessary to have some knowledge of what the ancestral condition of the trait was, and this is possible by the use of comparative, especially phylogenetic methods.
As we see it, the design oriented methodology assumes that if a trait is beneficial for a function then it is likely that it has at least partly been shaped or modified by selection favouring individuals having this function, or it is at least being maintained by such selection today, because neutral or disadvantageous features are relatively quickly lost in evolution. If we use the historical methodology, on the other hand, claiming that a trait is shaped by selection in a certain environment means that we first have to rule out the possibility of it being present only for historical reasons. Thus, the central difference between these viewpoints seems largely to be due to how probable evolutionary change is considered to be, relative to the probability of stasis. In our opinion it is best to view the methods presented above not as competing but as complementary, logical frameworks for identifying likely adaptations.
Curio (1973) outlined a "research program" for identifying adaptations where he suggested comparisons between classes of organisms such as populations or species, and experimental manipulation of characters, as complementary methods. Throughout this paper we have tried to adopt this pragmatic approach, when discussing the evidence for or against the interpretation that a certain plastic response is a result of natural selection. For the scope of these discussions it is interesting that Curio (1973) mentioned plastic traits; i.e. traits that only appear in response to a stimulus in a situation where they increase fitness (but are not expressed or even reversed when the stimulus is not present or removed), as especially convincing cases of adaptation.
Demonstrating adaptation: the problem with plasticity The field of phenotypic plasticity has its special problems in distinguishing adaptations, but at the same time plastic traits are often especially good for testing adaptational hypotheses. The problem arises from the fact that the expression of practically all traits is environmentally dependent, without necessarily being neither adaptive nor OIKOS 74:1 (1995) adaptations. The good part is that it is often possible to experimentally alter the phenotypic expressions by manipulating the environmental parameter of interest, and to test whether the expression conforms to a priori predictions. The "design" criterion for recognising adaptations may often be of use, especially in the case of complex plasticity in morphology. Consider the case of protective spines induced in the presence of predators. The spines may be complex structures which, if they seem designed for protection against predators, are likely to be adaptations for this function. Note, however, that this does not necessarily mean that the plasticity per se is an adaptation. The fact that the spines are induced only in the presence of predators is better evidence that the plasticity really is designed for defence against predators which vary in occurrence. Life history plasticity is even more troublesome, because changes in size, development time and so on have potential to be caused by many factors, and to serve many functions. The environmental effect under study may be due to pure constraint, i.e. Newman (1992) recognised the problem of plasticity following simply from constraints and characterised plasticity of this type as "spandrels" (sensu Gould and Lewontin 1979) and not adaptations per se (cf. Fig. 1 ). In a further discussion of the temperature-dependence of amphibian development he pointed out that, "sensitivity to temperature (or any other factor) can be modified by natural selection (Huey and Kingsolver 1989), so tadpoles from habitats with variable pond duration may be more sensitive to an increase in temperature than tadpoles from other habitats". Hence, although there are basic physical and chemical constraints (which partly are results of evolution past) on, for example, temperature or food level reaction norms, we should expect them to be modified by natural selection and such modifications would be adaptations to the specific temperature or food regimes in question. In some contrast to Newman (1992), we argue that reaction norm modifications of this kind are best revealed by comparative methods (cf. Fig. 2) . It is often possible to predict how reaction norms between categories of organisms should differ, if the type of reaction norm modifications described above has occurred. The predictions may subsequently be experimentally tested by manipulation of the environmental factor of interest. Here, we include comparisons between species, between populations within species, and even comparisons between genotypes within populations, among the comparative methods that can address the question of adaptation (cf. Curio 1973). Newman (1992) states that comparative studies of reaction norms in respect to habitat are "a useful starting point" for developing hypotheses about adaptive plasticity. Subsequent tests of claims about the adaptive nature of a response to environmental factors, especially those with non-adaptive alternative explanations must, according to Newman, "be based on measurement of fitness components". We disagree with the view of comparative analysis as a "starting point" and as an inferior (Williams 1992) way to demonstrate adaptation. We see the two approaches as strictly complementary: they are alternative ways to demonstrate adaptation, but vary in usefulness depending on the studied trait. A combination of the two is often the most convincing for a complete demonstration of adaptation.
The strength of this combined approach is evident in a study by Berven et al. (1979) , addressing plasticity in several life history variables of the green frog, Rana clamitans, in relation to temperature. The authors compared several populations of frogs from different altitudes and concluded that rearing temperature affected growth and development severely, independent of altitudinal origin. However, the exact nature of this temperature dependence differed between lowland and mountain populations. The duration of the larval period are probably closely related to fitness (Berven et al. 1979 ), which together with the known differences in temperature at high and low elevations would predict a reaction norm difference close to the observed. Thus, the comparison revealed that the reaction norms or at least parts of them are likely adaptations to different, specific distributions of temperatures.
A summary of methods
In summary and conclusion of this part of the paper, we distinguish between four possible combinations of the labels "adaptive" and "adaptation" that can be applied to a reaction norm or a plastic trait (Fig. 1) . Neutral or negative direct effects of the environment (e.g. food, temperature) are neither adaptive nor adaptations. A predictable difference between genetic categories (e.g. sexes, populations, species) in such effects may however show that the reaction norm has been modified by selection in a way consistent with adaptation (cf. Fig. 2 ). Some plastic responses are clearly adaptations even though they may be maladaptive at least occasionally, e.g. when an animal changes to a white fur or plumage for crypsis in winter but it happens to be a year without snow. This might seem to be a trivial case of a too short time-span for the study (the plasticity is supposedly adaptive if fitness is measured over several years), but the example illustrates that there are many cases when we can be reasonably sure that a trait is an adaptation even though we may have trouble demonstrating that it is adaptive (cf. 
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Williams 1992). Also, in some cases the adaptation may in fact not be adaptive at all in the present environment. It seems likely that ancestral reaction norms, or parts of reaction norms, which no longer serve a purpose are often present because of constraints on their evolution. A contributing factor could be that such "useless" reaction norms may carry few costs, if they are adaptations to environments which are no longer experienced. Finally, of course, there are many examples of plasticity which merit both labels, and some of them will be mentioned in the review section.
We suggest that it can be inferred or demonstrated in basically two ways that a reaction norm is adaptive (see Table 1 ): 1) By predicting the general shape of the reaction norm from verbal or mathematical optimality models, describing how different phenotypes should be related to environmental variables and how this would affect fitness components, and to show that the reaction norm agrees with predictions (Newman 1992 Table  1 ), e.g. demonstrate that a summer morph has higher fitness than a winter morph in summer and vice versa (Shapiro 1976) .
In considering how to demonstrate that a trait is an adaptation, we distinguish between adaptations below the level of species and adaptations at or above this level (Table 1) . The reason for this distinction is purely practical, phylogenetic techniques are seldom applied within species, where horizontal gene transfer is more common and obscures the phylogeny of populations. The differences between populations within a species represent variation which has been relatively rapidly accumulated since there was one single ancestral population, and if this variation is adaptive (beneficial at each locality, as inferred from models or demonstrated by experiments) this is most likely due to local modifications by selection. Evolutionary constraints probably have a very minor role in explaining the differences between populations in a trait varying in a quantitative manner. In the same way as for convergent modifications of quantitative species traits, we consider such "micro-apomorphies" (Nylin 1991) evidence of adaptation, if they are predictable and either complex enough or numerous enough to be unlikely to have arisen by chance. Population is the most commonly used genetic category for investigating plasticity in this comparative manner and here we will only discuss such cases. In principle the same logic can be extended to other genetic classes within species, for instance to predictable differences in plasticity between sexes (Leimar et al. 1994) . Demonstrating that reaction norm differences between genetic categories within species are likely adaptations for specific functions, can be done: 1) By optimality models predicting variation in reaction norms between for example populations followed by some type of test of correlation with environmental variables in the field. In the case of plasticity this is not entirely straightforward, because models and tests will have to be explicitly concerned with how the environment and the phenotype vary within as well as between populations. For one thing, the number of measurements needed to establish differences in reaction norms rapidly increases with the number of environments and populations included in the study. Literature data can seldom be used, because of the need for strictly controlled environments.
2) By experiments, where genotypes from each site are transferred and demonstrated to have the highest fitness at their own site of origin ("reciprocal transplantations" in Table 1 ). As mentioned, comparisons between genotypes within populations could be used as evidence of adaptation in a similar manner, if there is independent evidence that genotypes are associated with particular habitats, and reaction norms can be predicted to be associated with these habitats.
To demonstrate adaptation at or above the species level, phylogenetic methods are often useful. We distinguish between (cf. above):
3) Phylogenetic, comparative methods of various sorts. For example, a trait (in this case plasticity) can be studied as a synapomorphy, a historical unique, which is demonstrated to fulfil a function and where it is shown that it is likely that the plasticity arose because of selection favouring individuals that could perform this function (or improve on this function) (Coddington 1994) . Such methods are most applicable to qualitative traits such as the presence/absence of a certain type of plasticity. Another class of comparative methods where phylogenies are used are the so called "contrast" methods (Felsenstein 1985 , Harvey and Pagel 1991, Pagel 1994 ). These are used to test whether evolutionarily convergent, quantitative, modifications in a trait (in this case a reaction norm) are correlated with modifications in another trait or with an environmental variable, across species but controlling for phylogeny (Pagel 1994) . 4) As explained above for population comparisons, there are practical problems in applying the "contrasts" type of test on quantitative variation in reaction norms. Usually, instead only a couple of species are compared, in a less rigorous manner. We will call this a "species comparison" (Table 1) , and as phylogenies are not used, methods are very similar to those for demonstrating local adaptation of populations within species. 5) There are at least two different aspects of the question of whether a reaction norm is seemingly designed for a function. First, do the phenotypes expressed by a reaction norm conform to a priori design criteria for performing a specific function? Second, is the mechanism for the induction of different phenotypes in different environments seemingly designed? Examples of the first statement may be conspicuous changes in morphology, where the morphologies can be predicted from design specifications or at least are shown to enhance fitness when performing a specific function. It is, nevertheless, the second aspect of the induction mechanism that offers the perhaps best evidence of whether a reaction norm is an adaptation using the design criterion. That is, when an environmentally induced phenotypic change is non-intuitive and we have no strong alternative explanations for it (as we do in the case of unspecific and direct effects of the environment on physiology) or when the phenotypic change actually occurs in response to a cue predicting future conditions, the design criterion could be applied. For example, a period of low activity in an insect which is directly caused by low temperature is not necessarily an adaptation to survive low temperatures, or delay reproduction until a more favourable time. In contrast, a dormancy which is induced by photoperiod, before the onset of unfavourable conditions (i.e. a diapause), is probably an adaptation for one or both of these functions. A change in life history or morphology in the presence of predators or parasites can be ambiguous as an adaptation, for instance because it may be a non-adaptive effect of changes in local competition. The change may even be induced by the predator/parasite for its own needs. If the change occurs in response to a long-distance chemical cue, which is released when conspecifics are wounded or eaten, there is stronger evidence that the plasticity is an adaptation for defence. This argument must, however, be used in a relative manner. Small size in response to high density of conspecifics or low food levels is, for instance, more ambiguous as an adaptation than the development of teeth and a cannibalistic lifestyle as a response to the same environmental variables ( into the structure of methods that we outlined in the preceding section (summary of methods, Table 1 ). Basically the review follows the same structure and we start by looking at cases where the plasticity is adaptive but not obvious adaptations and go on to cases where there is additional evidence that the plasticity in question has been shaped or altered by natural selection in a specified environment.
Adaptive plasticity
Optimality models predicting the reaction norm, followed by test
In an influential article Steams and Koella (1986) presented optimality models for predicting reaction norms for age and size at maturity, and tested the models using data mainly from fish. Literature data were in good agreement with the model. Basically it explores how the optimal age and size at maturity may change, when growth rate varies as a function of the quality of the environment. This represents one of the first examples of the still rather few attempts to predict animal life history plasticity and the exact shape of reaction norms. Steams and Koella's (1986) approach has been criticised, however, on the grounds that their models assume that offspring encounter the same environment as their parents (Houston and McNamara 1992, Kawecki and Steams 1993) . The essence of an optimal reaction norm should instead reflect the optimal evolutionary response to a range of environmental conditions that offspring may meet.
Amphibian life history and metamorphosis is an area of research that has produced some of the most interesting and intriguing studies of adaptive plasticity (reviewed by Newman 1992 Tejedo and Reques 1994) . When a pond dries out the larvae in it are exposed to a high risk of mortality (Newman 1992) . A general prediction in these studies is that it would be adaptive for larvae in ponds of variable duration to metamorphose early in ponds of short duration but delay metamorphosis in ponds of a longer duration. This prediction is also met in both field studies and when pond duration is experimentally manipulated. However, the disappearance of water is correlated with changes in other important environmental parameters such as abundance, food level and temperature. Thus, it is possible that the shorter larval times in ponds of shorter duration is just a consequence of higher temperatures in such ponds (Newman 1989 (Newman , 1992 . It seems likely that temperature affects larval growth in some way, and this may have an adaptive value but it is not clear from this that we can conclude that the plasticity is an adaptation to a certain distribution of pond duration times. To obtain more evidence for interpreting these reaction norms as adaptations it is possible to do comparative studies of reaction norms between populations and/or species, predicting how populations or species should differ, based on knowledge of their habitats (Semlitsch et al.
1990, Blouin 1992, Semlitsch 1993a, Berardo 1994).
The general response of ectothermic animals to higher temperatures during juvenile development seems to be a higher growth rate, leading to a short development time but also to a smaller size at maturity (reviewed in Atkinson 1994, Sibly and Atkinson 1994) . This is usually only true for temperatures within certain limits, and stressful temperatures above these limits often have the effect to reduce growth rate (Berven et al. 1979, Conover and Present 1990, Meffe 1992). With some basic knowledge of temperature dependence of biochemical reactions the outlined effect on growth rate and development time is not surprising. However, that an increase in growth rate should lead to a smaller size at maturity is non-intuitive and this type of response has in fact turned out to be very difficult to predict using models for the evolution of age and size at maturity (Sibly and Atkinson 1994, Berrigan and Charov 1994) . Addressing this problem, Sibly and Atkinson (1994) presented a model of optimal age and size at maturity in ectotherms in relation to variation in rearing temperature, that under certain conditions could generate such a prediction. An important point is that the observed variation in size at maturity is modelled as an adaptive response to changes in selection pressures associated with variation in temperature (Sibly and Atkinson 1994). Interestingly, there seems to be no causal relationship between a low growth rate and maturing at a large size per se, because when growth rate is lowered by decreasing the food quality ectotherms typically delay maturation and mature at a smaller size (Berrigan and Chamov 1994). Thus, although low temperatures and low food quality affects growth rate similarly, the most common effect of those factors on adult body size is totally opposite of each other.
Food availability and quality are other environmental factors that we expect to affect life history traits, independent of whether these effects have been altered or caused by natural selection in a specified environment. Ford and Seigel (1989) , investigated plasticity in relation to food level in the chequered garter snake, Thamnophis marcianus. On adaptive grounds they predicted that clutch mass and clutch size should be considerably plastic in response to food regime, while the relative clutch mass and offspring size should show little or no plasticity. The predictions were tested in a controlled experiment and found valid. The authors are nevertheless very careful in stating that they do not view these results as sufficient evidence to assume that the differences in plasticity among life history traits is a result of natural selection in the population in question. To throw some light on this question, it would perhaps be possible to compare the presence and nature of these reaction norms among populations with known differences in food availability that OIKOS 74:1 (1995) could generate clear predictions, or use the betweenspecies variation that seems to be present within the reptiles (Ford and Seigel 1989) . Reznick and Yang (1993) , in a similar study of allocation to reproduction in female guppies (Poecilia reticulata), showed that females responded to low food levels by producing fewer but heavier offspring. The increase in weight was mainly due to larger fat reserves that can be used by offspring to survive a period of food shortage, indicating that the plastic allocation pattern may be an adaptation to varying food levels. However, Reznick and Yang (1993) , argues that further investigation of this plasticity is needed to test if it is adaptive (our terminology). They suggest an experiment, where the offspring of low and high food females are put in either high or low food treatments and compared in terms of fitness. If the plasticity is adaptive, the larger offspring of low food females should have higher fitness in the low food treatment than the offspring of high food females (Reznick and Yang 1993) . This type of experiment would fall in to the "reciprocal experiment" category (Table 1 , next section).
Reciprocal experiments
The logic behind this method is rather clear-cut. If we can show that the different phenotypes which a reaction norm expresses all have higher fitness than any alternative phenotype (along the same reaction norm), in the environment where they are induced, then the reaction norm is adaptive. Scharloo (1989) reviewed some instances of possible adaptive plasticity in Drosophila where reciprocal experiments had been used to establish the adaptiveness of reaction norms. The methodology has also been used in investigating the significance of seasonal morphs in insects (Shapiro 1976 , Saunders 1982 . Although the phenomenon is present in many insect groups, it is most extensively studied in butterflies (Shapiro 1976) . Adaptive explanations that have been suggested for butterfly seasonal polyphenism are seasonal variation in the need for thermoregulation (Watt 1968 (Watt , 1969 It cannot be ruled out that some of these polyphenisms may lack function, either because the function has been lost, or because the polyphenism is in fact only an incidental effect of other differences between generations. For instance, differences in pupal development time may affect the ontogeny of wing pigmentation, and these effects may or may not be adaptations per se.
Plasticity as an adaptation
Adaptations within species -Hypothesis based on optimality, predicting variation between populations, followed by tests
The method of comparing population reaction norms has been used relatively frequently and has substantially increased the understanding of phenotypic plasticity as an adaptation. Conover and Present (1990) for example, reported a study on plasticity in growth rate in Atlantic silversides (Menidia menidia). They showed that, as expected from the south-north decline in the length of the growing season and the fact that body size was similar in all the studied populations, fish from northern populations grew faster than fish from southern populations. However, growth rate depended on temperature. Moreover, the reaction norms relating growth rate to temperature differed between populations. At low temperatures growth rates were similar, but at high temperatures fish from northern populations grew faster. Conover and Present (1990) There is little doubt, that plasticity in response to photoperiod in general is an adaptation to seasonality (see later discussion of "design criteria"). However, population comparisons may be necessary to reveal if natural selec-OIKOS 74:1 (1995) tion has finely tuned this general mechanism differently at different locations.
A case where a population comparison would be the obvious method to test the adaptational hypothesis is reported in a study of temperature reaction norms in eastern mosquito fish, Gambusia holbrooki (Meffe 1992 ). The temperature dependence of growth, age and size at maturity of this species was studied in a population that had been exposed to abnormally high temperatures during approximately 28 yr, due to emission of cooling water from a nuclear power plant. The results indicate that fish from this population grow slower but mature earlier at smaller sizes in high, stressful temperatures compared to low temperatures. This plasticity is different to what is known from other related fish species and it is perhaps adaptive (Meffe 1992, and references therein) . However, a comparison between this and neighbour populations of G. holbrooki, would probably be the best way to resolve whether the observed response to temperature is in fact species-specific (at the most a pre-adaptation to power plants and other sources of high temperatures), or due to local adaptation to periods of high water temperatures. The comparisons with other related species cited above will help to establish the ancestral reaction norm for the species in a subsequent phylogenetic analysis. Madsen and Shine (1993) studied the plasticity in body size in two populations of grass snakes (Natrix natrix) in response to food availability. They wanted to test whether the differences in average female size was due to genetic differences between the populations or just caused by the fact that the prey available on the island were of poorer quality. This was done by rearing mainland-and island snakes in captivity under food conditions similar to what the mainland populations experience in the wild, and the results showed no difference in growth rate or final size between the populations. From this the authors suggest that the populations share a single norm of reaction, which may well be true. However, we do not think it is possible to conclude it from this study alone. Madsen and Shine have shown that the reaction norms of the populations do not differ at a certain point, the high food level (mainland diet). There may nevertheless be differences at other points on the reaction norms, of which the food level equal to the island diet is one (cf. Fig. 2) .
For the sake of explaining the method of comparing population level reaction norms it is interesting to compare the last two studies (Meffe 1992, Madsen and Shine 1993), although, in our opinion, none of them have explicitly tested whether the plasticity in each case really are adaptations. In one case (mosquitofish; Meffe 1992), the presumably adaptive variation in reaction norms between populations has not been thoroughly explored. In the other case (grass snakes; Madsen and Shine 1993), the possibility of adaptive variation in body size between environments (food regimes) has not been investigated in full. The essence of the method is, however, to use both components of variation, within and between populations, to test hypotheses about adaptation.
Adaptations within species -Reciprocal transplantations Compared to laboratory experiments (see the preceding section), reciprocal transplantations have very rarely been used for testing hypotheses about phenotypic plasticity as a local adaptation in animals. This is perhaps not surprising, considering the logistic problems of transplanting animals from one site to another and, furthermore, to keep track of them afterwards. Nevertheless, Niewiarowski and Roosenburg (1993) used this method to study the environmental dependence of growth rates in fence lizards, Sceloporus undulatus. They discovered a genetically based difference between populations of this lizard in how the environment affected growth rate, by transplanting lizards from New Jersey to Nebraska and vice versa. The lizards from Nebraska and other western grasslands apparently grow at a rate 2-3 times higher than the eastern woodland populations (Jones and Ballinger 1987, Niewiarowski and Roosenburg 1993) . However, when Nebraskan lizards were held in enclosures in New Jersey they did not grow faster than the residents. The lizards from New Jersey on the other hand kept their low growth rate when moved to Nebraska. The daily potential activity period experienced by lizards in New Jersey was 2-2.5 h shorter than in Nebraska, and the authors argue that this is a possible selective force that could be responsible for the differences observed.
The strength of this type of experiment is of course that it is done in the field, and that the population comparison therefore is more likely to reveal evolutionary and ecologically important differences between populations. The main problem, however, is that unless we use controlled laboratory environments it is difficult to identify the specific aspect/aspects of the environment to which the plasticity is a potential adaptation. A combination of laboratory experiments and reciprocal transplantations would probably give very convincing arguments for or against adaptational hypotheses.
Phylogenetic methods
Comparative studies of plasticity at the species level are very rare. The only study of phenotypic plasticity where phylogenies have been explicitly used is, as far as we know, the case of wing polymorphism in water striders (Gerridae) (Andersen 1993) . Water striders inhabit various types of fresh and brackish water bodies variable in space and time. The habitats include both highly predictable permanent waters and unpredictable temporal rock pools (Vapsalainen 1978 , Kaitala 1987 , 1991 , Andersen 1993 ). In several cases the variation in life history, wing length and wing muscles is a result of phenotypic plasticity, but not always. Viipsalainen (1978) suggested a correlation between wing polymorphism (genetic and permanent, or seasonal and plastic) and the permanency of the habitat among water striders, and Andersen (1993) performed a phylogenetic analysis of such patterns. He concluded that wing polymorphism and/or a monomorphic short-winged state is ancestral for the studied taxa, whereas a monomorphic long-winged state has evolved in species inhabiting waters of short duration. In other words, plasticity in wing length evolved early in the evolution of water striders (an adaptation at a high taxonomic level) but has sometimes been lost (adaptations closer to the species level). The relationship between genetically and environmentally determined polymorphism among and within species is unclear, as is often the case in similar systems. We suggest that this is to be expected, because there is often genetic variation in reaction norms. If variation persists in the shape and/or level of the reaction norms we will perceive this as a mixture of genetic and environmentally determined variation. Systems where the relationship between genetic determination and plasticity is unclear should in fact be prime targets for research to clarify how plasticity is selected, because in such systems it is likely that genetic variation in reaction norms will be found.
Species comparisons
As mentioned earlier there are severe logistic problems associated with extensive comparative studies of reaction norms that varies quantitatively. This together with the fact that reliable phylogenies still often are absent, may explain why such studies have not yet been published. Nevertheless, there are some examples where researchers have inferred a reaction norm to be a possible adaptation, by comparing just a few species and relating any reaction norm differences between them to differences in their ecology or environment.
Blouin (1992) measured time and size at metamorphosis in relation to temperature in three species of frogs in the genus Hyla. He then constructed "species"-reaction norms and made comparisons between them in relation to differences in larval habitats among the species. All three species developed faster in higher temperatures, but it was only in one of the species, H. squirella, that this faster development did not result in a smaller size at metamorphosis. Since this was the species that had the most ephemeral larval habitat, the differences in the reaction norm relating temperature to age and size at metamorphosis may reflect different selection pressures. Although the results in this particular case are not conclusive, they show that the environmental dependence of life history traits may differ between species, and that it may do so in a predictable manner.
A mammalian example of possibly adaptive plasticity in life history traits is reported from mountain voles, Microtus montanus, in North America. The voles exhibit slow growth rates and delay sexual maturation when they are facing drought-induced deterioration of food (Negus and Berger 1992) . The observed change in life history seemed not to be just a direct consequence of food shortage, because the animals were in excellent condition and were not suffering from starvation. In other words, growth seemed to be slow in response to the lack of rainfall predicting food shortage. Negus and Berger (1992) suggest that other vole species should be examined, apparently in an attempt to test for adaptation at the species level or above by comparative methods. They note that M. longicaudus, which is characterised by more stable population dynamics, does not appear to show plasticity of growth patterns. This single contrast supports the hypothesis of adaptation, and another strategy could be to examine similar contrasts in more distantly related taxa to obtain evidence for or against convergent evolution. Harvell and Helling 1993) . In all of these and in several other instances mentioned in the reviews above, the morphological changes are induced by waterborne chemicals released by the action of predators. There are also examples of adaptive life history plasticity in response to such chemicals (cf. Crowl and Covich 1990) . The first example of a predator-induced reaction norm in a vertebrate is reported by Br6nmark and Miner (1992) . They studied how body morphology in a freshwater fish, crucian carp (Carassius carassius) was influenced by the presence of the predatory pike (Esox lucius). The morphology of crucian carp differs between lakes with piscivores and small ponds without predators, with the lake individuals being more deeper-bodied, which has been attributed to different resource levels. In both field manipulations and laboratory experiments Bronmark and Miner (1992) showed that although the food regime did affect morphology, the influence of a pike sharing the same water and feeding on crucian carps was far more drastic. Bronmark and Pettersson (1994) showed that chemical cues, released when pike or perch feed on carp, induce the change in morphology. The "hunchback" morph benefits from reduced predation because piscivores, such as pike, are gape-limited predators. Thus, by altering the relative body depth crucian carp reaches a predator-safe size refuge at a smaller total body size. Since the "hunchback" phenotype is not always expressed it is most likely associated with a cost, which may be reduced swimming performance (Bronmark and Miner 1992, Bronmark and Pettersson 1994) .
Design criterion
Phenotypic plasticity in response to photoperiod is reported from major groups of organisms such as plants, insects, fish, amphibians, reptiles, birds and mammals (Danilevskii 1965 Except for the possibility that the day length could in some cases directly affect the number of hours that can be spent feeding, there are few cases of photoperiodism where we can doubt that it is an adaptation. Often, the problem is more in understanding the exact adaptive nature of the plasticity (if any, in the present environment). Since photoperiodism is such a widespread mechanism in the organic world, testing whether a specific photoperiod reaction norm is an adaptation often requires more than just using the argument that photoperiod is an environmental factor unlikely to produce these phenotypic effects (see discussion in earlier sections). It seems very unlikely that photoperiodic sensitivity has evolved independently in all cases where it has been found.
Conclusions
Plasticity is a major component of phenotypic variation and has recently attracted much attention as an important factor in evolution. It is clear that plasticity can have a genetic basis, can be adaptive and may be altered by natural selection. Reaction norms of genotypes, widely used to visualise plasticity, have been described as the basis for the evolution of phenotypic plasticity. We argue that it is often useful to treat modifications of reaction norms as possible adaptations. However, there have been few attempts to generate testable qualitative or quantitative predictions of the presence and shape of reaction norms. Almost universally, adaptive explanations for reaction norms in the literature are ad hoc constructions.
It is often problematic to distinguish between nonadaptive plasticity, caused by physical or chemical constraints, and adaptive plasticity. It is furthermore difficult to show that the plasticity is an adaptation to a certain environment or distribution of environments. In general, the function of a plastic phenotype is less ambiguous for morphological plasticity than for life history plasticity. Often, the link between cause and effect for morphological plasticity is so non-intuitive and "seemingly designed" that the plasticity can be inferred to be a result of natural selection. In such cases comparative studies can be used to identify the distribution and origin of the plasticity in the phylogeny. The above design argument is sometimes also applicable to plasticity in life history traits, but more often the environmental effect is less specific and for this reason both the induction mechanism and the induced phenotypes show few elements of apparent "design". Frequently, there are alternative explanations for environmentally induced variation in life history traits. Therefore, to determine whether a reaction norm of that kind may be an adaptation to a distribution of environments, additional methods are needed. We argue that a successful research program would include experimental testing of optimality models or reciprocal experiments to establish the adaptiveness of the reaction norm. To furthermore show that the reaction norm is likely to be an adaptation we often need comparative methods, where reaction norm differences between classes of organisms (e.g. sexes, populations, species) are predicted and subsequently investigated. We also argue that it is fruitful to view plasticity of that kind as a result of organisms "choosing" a phenotype on the basis of environmental input, in a manner analogous to how animals take behavioural decisions depending on the situation.
Finally, only in a very few cases have phylogenetic methods been used to demonstrate that a given plasticity is likely to be an adaptation in the historical sense (origin linked to function), and at what point in the phylogeny the evolution of plasticity occurred. More such studies are needed before we can illuminate the key questions regarding the evolution of plasticity: when, why and how does a plastic phenotype evolve in response to heterogeneity of the environment, instead of genetic diversity and, ultimately, speciation? Or, as recently suggested by West-Eberhard (1989), is plasticity the origin of diversity rather than the alternative?
